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ABSTRACT
We report on the serendipitous discovery of a new transient in NGC 5907, at a peak luminosity
of 6.4×1039 erg s−1. The source was undetected in previous 2012 Chandra observations with
a 3σ upper limit on the luminosity of 1.5× 1038 erg s−1, implying a flux increase of a factor
of > 35. We analyzed three recent 60ks/50ks Chandra and 50ks XMM-Newton observations,
as well as all the available Swift/XRT observations performed between August 2017/March
2018. Until the first half of October 2017, Swift/XRT observations do not show any emission
from the source. The transient entered the ULX regime in less than two weeks and its outburst
was still on-going at the end of February 2018. The 0.3–10 keV spectrum is consistent with a
single multicolour blackbody disc (kT∼ 1.5 keV). The source might be a∼30 M black hole
accreting at the Eddington limit. However, although we did not find evidence of pulsations,
we cannot rule-out the possibility that this ULX hosts an accreting neutron star.
Key words: accretion, accretion discs - X-rays: binaries - X-Rays: galaxies - X-rays: indi-
vidual: NGC 5907 ULX-2.
1 INTRODUCTION
Ultraluminous X-ray sources (ULXs, e.g. Kaaret et al. 2017) are
a class of extragalactic point like sources, with X-ray luminosities
higher than 1039 erg s−1 up to, in the most extreme cases, 1042
erg s−1 (e.g. HLX-1; Farrell et al. 2009). Such luminosities are
hence well above the Eddington limit for accretion of pure hydro-
gen onto a 10 M black hole (BH). The number of known ULXs is
still increasing and nowadays more than 300 sources are confirmed
ULXs, as catalogued e.g. by ROSAT (Liu & Bregman 2005), Chan-
dra (Swartz et al. 2011) and XMM-Newton (Walton et al. 2011).
ULXs represent a current hot topic of X-ray astronomy be-
cause of their peculiar accretion properties. It is believed that ULXs
are accreting compact objects in binary systems (e.g. Motch et al.
2014; Urquhart et al. 2018), but the nature of the compact object
is still under debate: indeed ULXs may host either i) intermediate
mass BH (IMBHs, 100−105 M; Colbert & Mushotzky 1999) ac-
creting well below the Eddington limit, or ii) stellar BHs (5 M <
? E-mail: pintore@iasf-milano.inaf.it
MBH < 80 M; e.g. Zampieri & Roberts 2009; Gladstone et al.
2009; Walton et al. 2013; Middleton et al. 2015) or iii) even neu-
tron stars (NSs), accreting at extremely super Eddington rates (e.g.
Israel et al. 2017).
However, it is now thought that the vast majority of the ULX
population is composed of super-Eddington accreting compact ob-
jects. In particular, the presence of NSs in at least 4 ULXs is con-
firmed by the detection of pulsation (Bachetti et al. 2014; Israel
et al. 2017a; Fu¨rst et al. 2016; Israel et al. 2017b, Carpano et al.
2018). In addition, these pulsating ULXs (PULXs) show significant
flux variability of several orders of magnitude. The variety of pos-
sible compact objects in ULXs suggests they are a manifold pop-
ulation hosting both BHs and NSs (e.g. Middleton & King 2017),
although their relative number is still highly uncertain.
Here we report the discovery of a new X-ray transient in the
direction of the galaxy NGC 5907 (Figure 1), located at a distance
of 17.1 Mpc (Tully et al. 2013). NGC 5907 hosts a large population
of X-ray sources, with the brightest being the PULX NGC 5907
X-1 (e.g. Sutton et al. 2013; Walton et al. 2016; Israel et al. 2017).
© 2017 The Authors
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Figure 1. Main figure: SDSS optical image of the galaxy NGC 5907 (north is up); the red star indicates the Chandra position of the new ULX transient. Inset
box-right: Chandra images of the 2012 (bottom) and 2017 (top) observations, where the green, dashed purple and dashed yellow circles indicate the Chandra
(3” radius) and EPIC (30” radius) extraction regions for the new transient, and the ULX-1 position, respectively. Inset box-left: Archival HST/WFPC2 image
(15′′ × 10′′) of the field of the new transient source NGC 5907 ULX-2 (F606W filter); ULX-1 is out of image. The green circles mark the X-ray uncertainty
region (radius of 0.47′′ and 1.42′′ at 68% and 99% confidence level, respectively) after registering Chandra astrometry using a set of SDSS sources. The
brightest object within the 99% region (F606W magnitude of 24.65± 0.07, ST system) is the candidate optical counterpart of the transient ULX.
The new source reported here could be the second ULX hosted in
this galaxy.
2 DATA REDUCTION
Chandra.We analyzed two Chandra ACIS-S archival observations
of 11th February 2012 (Obs.ID: 12987, 14391). We also obtained,
as Director Discretionary Time (DDT), three ACIS-S observations
(Obs.ID: 20830, 20994, 20995) taken on 7th November 2017, 28th
February and 1st March 2018. The Chandra observation exposure
times are∼ 17 ks,∼ 14 ks,∼ 52 ks,∼ 32 ks and∼ 16 ks, respec-
tively. Chandra data were reduced with CIAO v.4.9 and calibration
files CALDB v.4.7.6. The source events were chosen from a circu-
lar region of radius 3”, while the background was selected in a cir-
cular region of radius 15” and free of sources. We obtained source
spectra with the CIAO task SPECEXTRACT, which creates the ap-
propriate response/auxiliary files for the spectral analysis. With the
PILEUP MAP tool, we estimated that pile-up effects contribute to
∼1%, and we can neglect it. Because of their close temporal prox-
imity, the 2018 observations were analyzed as a single dataset.
Swift. We analyzed all the available (24) XRT observations of the
Neil Gehrels Swift Observatory taken between August 2017 and
March 2018, with an average exposure time of ∼ 2 ks. These
observations are generally spaced at intervals of about one week.
We reduced the data with XRTPIPELINE and extracted 0.3–10 keV
lightcurves selecting circular regions of radii 20” and 130” for
source and background, respectively. We also analyzed UVOT data
by reducing them with standard procedures1.
XMM-Newton. On 2nd December 2017, we obtained a DDT
1 http://www.swift.ac.uk/analysis/uvot/index.php
XMM-Newton observation with a total exposure time of 60 ks. We
extracted the data from EPIC-pn and the two EPIC-MOS cam-
eras, and reduced them with SAS v15.0.0, We selected single- and
double-pixel events (PATTERN64), and single- and multiple-pixel
events (PATTERN612), for pn and the MOS, respectively. We re-
moved high background time intervals and we obtained net expo-
sure times of ∼38 ks in the pn and ∼58 ks in the MOS. For spec-
tral and timing analyses, we extracted the source and background
events from circular regions of radii 30” and 60”, respectively.
HST. We analysed optical images of the field collected with the
Hubble Space Telescope (HST). The field was observed with the
Wide Field and Planetary Camera 2 (WFPC2) instrument on 1996,
March 31 in the F450W (λ = 4556A˚, ∆λ = 951A˚) and F814W
(λ = 8012A˚, ∆λ = 1539A˚) filters, and on 2007, October 1 in
the F606W filter (λ = 5997A˚, ∆λ = 1502A˚), with exposure
times of 2340 s, 960 s and 3400 s, respectively. We retrieved cal-
ibrated, geometrically-corrected images from the Hubble Legacy
Archive (HLA2) – such images have an improved astrometry based
on cross-correlation with the Sloan Digital Sky Survey catalogue,
with r.m.s. accuracy of ∼ 0.1” per coordinate. We carried out a
source detection using the SExtractor software (Bertin & Arnouts
1996) and we converted count rates to magnitudes in the ST system
using the photometric calibration provided by the HLA pipeline.
3 RESULTS
In the 2017 Chandra ACIS-S image, we detected a new bright X-
ray source which was not present in the same field in the 2012
Chandra observation (right inset in Figure 1). The most precise
2 https://hla.stsci.edu/hlaview.html
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Figure 2. Left: background-subtracted 0.3–10 keV unabsorbed luminosity lightcurve of ULX-2; the blue, green and red points represent the Swift/XRT (binning
two consecutive observations in each point; errors at 1σ), Chandra and XMM-Newton observations (errors at 90%); the grey points are instead the 3σ Swift/XRT
upper limits (where we assume the EPIC DISKBB best fit model) obtained stacking all the observations between August–September 2017 and February–March
2018; finally, the dashed red line is the 2012 Chandra upper limit. Center: 2017 Chandra (top) and EPIC/MOS (bottom) background subtracted lightcurve,
binned with 5000s (to have more than 20 counts in each bin), with the X-axis reported to the starting time of each observation. Right: top panel: averaged
spectrum of the XMM-Newton (black: EPIC-pn, red: EPIC-MOS1, green: EPIC-MOS2) and 2017 Chandra (blue) observations, fitted with a DISKBB; middle
panel: residuals of the POWERLAW fit; bottom panel: residuals of the DISKBB fit; spectra have been rebinned for display purposes only.
position of this new transient (ULX-2 hereafter) was obtained
with the CIAO task WAVDETECT, which gives coordinates RA =
15h16m1.10s and Dec = 56°17’51.40” (statistical uncertainty of
0.03”). The source is therefore superimposed on the NGC 5907
galactic plane and at a distance from ULX-1 of ∼ 28”.
3.1 Temporal analysis
In the 2012 Chandra observations, ULX-2 was not detected, with
a 3σ upper limit of 4.4 × 10−15 erg cm−2 s−1 on the 0.3–10 keV
flux (assuming a multicolour blackbody disc, see below). The tran-
sient was undetected also in all the Swift/XRT observations taken
before 15th October 2017. Stacking the August/September obser-
vations we obtained a 3σ upper limit of 2.2× 10−14 erg cm−2 s−1
on the average flux (shown in Figure 2-left). A source consistent
with the position of ULX-2 was detected in later Swift/XRT obser-
vations taken at the end of October till the half of February 2018.
Because of the angular resolution of Swift/XRT (∼18” HPD), we
cannot exclude that other sources, very close to ULX-2, became
active in the same period. However, if we associate the Swift/XRT
source with ULX-2, these findings suggest that it entered the ULX
regime in the second half of October 2017.
The 0.3–10 keV background-subtracted 2017 Chandra
lightcurve of ULX-2, is shown in Figure 2-right (top panel). A fit
with a constant flux gives χ2/dof = 46/10, indicating the pres-
ence of variability (for timescales >5000s). On the other hand, we
found that, both during the XMM-Newton and 2018 Chandra obser-
vations, the source had a rather constant flux (χ2/dof = 12.1/11
and χ2/dof = 5.3/6; Fig. 2-center, bottom panel). We also in-
vestigated, in both XMM and Chandra data, the hardness ratio be-
tween the energy bands 0.5–1.5 keV (soft) and 1.5–10 keV (hard)
which indicates no significant spectral variability.
We then created a power spectrum (only for the XMM-Newton
and 2017 Chandra observations, because of the too low 2018 Chan-
dra counting statistics) for the whole energy band (0.3–10 keV) but
we could not find any coherent signal in both datasets. Assuming
sinusoidal modulation, we derived a 3σ upper limit on the pulsed
fraction (defined as the semi-amplitude of the sinusoid divided by
the source average count rate) of 60% and 35% for Chandra and
XMM-Newton, for periods in the range ∼6s-5000s and ∼0.140s-
150s, respectively. An accelerated search for coherent signals using
a grid of 6234 P˙/P values in the range ±10−11 − 10−6 s s−2 gave
no statistically significant signals.
3.2 Spectral analysis
As the hardness ratio does not indicate significant spectral variabil-
ity in the single observations, we extracted an averaged spectrum
for the XMM-Newton/EPIC (pn + MOS1/2), and the 2017 and 2018
Chandra data; they collect ∼3600, and ∼550 and ∼95 net source
counts, respectively. We rebinned the spectra with at least 20 counts
per bin and used XSPEC v.12.8.2 to fit them.
We first analyzed the EPIC spectra and adopted simple mod-
els as a POWERLAW, or a BLACKBODY or a DISKBB, absorbed with
TBABS and using the abundances of Wilms et al. (2000). We found
that acceptable spectral fits (χ2ν < 1) are obtained with the POW-
ERLAW or the DISKBB (Table 1). However, the POWERLAW model
left some skewed residuals (in particular above 5 keV, see Fig-
ure 2, right-middle panel). Hence, in the following, we focus on
the DISKBB fit (see Figure 2, right-bottom panel). With the latter,
we estimated a mean disc temperature of∼ 1.5 keV, a total column
density of 8× 1020 cm−2, hence higher than the Galactic nH along
the source direction (1.38×1020 cm−2; Dickey & Lockman 1990),
and an absorbed 0.3–10 keV flux of (1.7± 0.1)× 10−13 erg cm−2
s−1. If ULX-2 is in NGC 5907, the flux translates to an unabsorbed
luminosity of ∼6.4× 1039 erg s−1 (for a distance of 17.1 Mpc).
The 2017 Chandra spectrum was then fitted with the DISKBB
model with nH fixed to the column density found in the EPIC spec-
tra. The DISKBB provides a very good fit (χ2/dof < 1), with a disc
temperature consistent within the uncertainties with the EPIC value
(Table 1). We note that the average ULX-2 absorbed flux during
this Chandra observation was ∼ 20% lower ((1.2± 0.1)× 10−13
erg cm−2 s−1) than that found during the XMM-Newton observa-
tion. However, we also checked that the source flux in the last 20 ks
of this Chandra observation was consistent with the XMM-Newton
one. We also note that, inside the XMM-Newton source extraction
region, at least three other weaker sources are included (as seen in
the Chandra image). We estimated that they may increase the ULX-
MNRAS 000, 000–000 (2017)
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Table 1. Best-fit spectral parameters of the transient source. Errors at 90% confidence level for each parameter of interest.
XMM-Newton 2017 Chandra 2018 Chandra
nH kT / Γ Norm. Fluxa kT / Γ Norm. kT / Γ Norm. χ2/dofb
1022 cm−2 (keV) 10−13 erg cm−2 s−1 (keV) (keV)
BBODY < 0.8 0.67+0.03−0.03 1.6
+0.1
−0.1 × 10−6 1.36+0.08−0.08 0.71+0.05−0.05 1.3+0.1−0.1 × 10−6 0.6+0.1−0.1 2.3+0.5−0.4 × 10−7 [309/170]
POWERLAW 0.28+0.05−0.04 1.75
+0.09
−0.1 3.9
+0.4
−0.4 × 10−5 1.9+0.1−0.1 1.9+0.1−0.1 3.2+0.4−0.4 × 10−5 1.9+0.4−0.3 5.6+1.7−1.5 × 10−6 163/170
DISKBB 0.08+0.03−0.02 1.5
+0.1
−0.1 1.7
+0.5
−0.4 × 10−3 1.7+0.1−0.1 1.3+0.2−0.1 2.2+1.1−0.8 × 10−3 1.1+0.3−0.2 9.1+15−5.9 × 10−4 162/170
a EPIC absorbed flux in the 0.3–10 keV energy band; b As found in EPIC; values in boldface are statistically acceptable.
2 flux of610% and can possibly affect its spectrum but the contam-
inant effect on the ULX-2 EPIC spectrum appears very marginal
because of the strong agreement with the Chandra data.
Finally, the 2018 Chandra spectrum was still compatible with
a DISKBB model (χ2ν/dof = 5.33/6, Table 1). Fixing the column
density to 8 × 1020 cm−2, we found an inner disc temperature of
1.1 ± 0.3 keV and an absorbed 0.3–10 keV flux of (2.1 ± 0.4) ×
10−14 erg cm−2 s−1, i.e. a luminosity of ∼ 7 × 1038 erg s−1 and
thus well below the ULX threshold luminosity.
3.3 Optical data
We searched for an optical counterpart inside the X-ray Chandra er-
ror circle (radius of 1.3”). In the archival HST/WFPC2 data obser-
vations, we found a bright object (Figure 1, inset-right) that we con-
sider as the most promising candidate counterpart, with ST magni-
tudes of 23.7±0.1, 24.65±0.07 and 24.12±0.09 (absolute magni-
tudes of−7.5±0.1,−6.51±0.07 and−7.04±0.09) in the F450W,
F606W and F814W filters, respectively. Luminosity and colours
of this source are consistent with an OB-type star in NGC 5907.
We compared the simultaneous F450W and F814W measurements
with emission models of ULX binaries (Ambrosi & Zampieri, in
prep.). The evolutionary tracks of a binary with a ∼20 − 30M
BH and an evolved donor with a main sequence mass of ∼20M
are in agreement with the Galactic extinction corrected photometry,
and the mass transfer rate is above Eddington. A detailed modelling
is under way and will be presented elsewhere.
4 DISCUSSION
The long-term variability, the nH higher than the Galactic column
density and the quite hard X-ray spectrum of the newly discov-
ered source disfavour the identification with a star in our Galaxy.
In particular, a foreground star of any spectral type and with the
X-ray flux of ULX-2 should have an optical magnitude MV < 18
mag (Krautter et al. 1999). To explore the chance coincidence of
a background AGN, we considered the X-ray Log N – Log S of
extragalactic sources: the number of AGN per square degree with a
flux larger than> 10−13 erg cm−2 s−1 is of the order of a few (e.g.
Moretti et al. 2003). For an estimated area of 4.7’×0.5’ covered by
NGC 5907, this translates on a number of contaminant AGN less
than 5 × 10−3. We finally rule-out the possibility of a supernova
event as no significant UV variability has been seen in UVOT data,
where, however, the source contribution cannot be distinguished
from the rest of the galaxy.
We therefore conclude that the new source is indeed in all re-
spects a ULX transient in NGC 5907, and its peak luminosity is
∼ 6.4 × 1039 erg s−1, making this source the second brightest
ULX in the galaxy. This implies a luminosity increment of at least
a factor of ∼35 with respect to the 2012 Chandra upper limit. Be-
fore October 2017, it was below the nominal ULX threshold lumi-
nosity (> 1039 erg s−1) where it returned at the end of February
2018 (LX = 7 × 1038 erg s−1), following an exponential decay
with folding time of 27 ± 4 days. We remark that we could in-
vestigate the new source properties with XMM-Newton because the
close (∼ 28”) ULX-1 was in quiescence and hence not contaminat-
ing the ULX-2 emission. Although beyond the scope of this paper,
we double-checked all the available XMM-Newton observations of
ULX-1 and, through a Maximum Likelihood analysis based on the
EPIC pn/MOS PSFs (e.g. Rigoselli & Mereghetti 2018) we found
hints for the presence of ULX-2 only during the observation of 6
November 2013 (at estimated 0.3–10 keV flux of ∼8 × 10−15 erg
cm−2 s−1), when ULX-1 was very weak. However, our analysis
does not fully account for possible contaminants close to the ULX-
2 position, that may affect the reported flux.
ULX spectra, in the so called Ultraluminous state (Roberts
2007), are generally well described by at least two spectral compo-
nents interpreted as a soft thermal emission (kT∼ 0.1 − 0.5 keV)
from cold optically thick outflows and hard thermal emission from
a hot modified accretion disc or corona close to the compact ob-
ject (e.g. Gladstone et al. 2009; Pintore & Zampieri 2012; Sutton
et al. 2013; Bachetti et al. 2014; Middleton et al. 2015; Walton
et al. 2016). On the other hand, there is a small sample of ULXs
with very limited data quality displaying properties consistent with
the spectral states of Galactic accreting black holes X-ray binaries
(Sutton et al. 2012). However, some of these ULXs showed the fea-
tures of the Ultraluminous state when data of better quality became
available (e.g. Sutton et al. 2013; Pintore et al. 2016). We believe
that this is not the case for ULX-2 because the quality of its current
spectra is relatively good (∼3500 net EPIC counts).
We found that the average ULX-2 spectrum is described by a
single multicolour accretion disc with a temperature of ∼1.5 keV,
indicating that the source may be in a soft state reminiscent of those
found in Galactic accreting BH binaries (e.g. McClintock & Remil-
lard 2006). However, although not supported by the data, we can-
not exclude that its disk-like shape might suggest that ULX-2 is in
the super-Eddington “very thick-state” (i.e. a spectral shape con-
sistent with Comtponization from an optically thick corona with
τ>10 and kTe∼1–2 keV; see Pintore & Zampieri 2012). In any
case, if the source is radiating close to the Eddington limit (and
we consider the soft state as reliable), the implied mass would be
MBH ∼ LX/(1.38 × 1038)M ∼ 30 M (assuming isotropic
emission). Although the mass of such an object would be larger
than any accreting BH found in our Galaxy, the LIGO and VIRGO
detectors showed the existence of BHs of similar sizes (Abbott &
et al. 2016, 2017). Assuming an inclination angle<70° (because of
the absence of dips or eclipses), the best-fit DISKBB normalization
corresponds to an estimated inner accretion disc radius of <140
km, or to an upper limit of ∼15 M for the mass of a non-rotating
MNRAS 000, 000–000 (2017)
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BH (Lorenzin & Zampieri 2009). In addition, although the error
bars are large, we note that the relation LX ∝ kT4disc (valid for
a standard accretion disc) is compatible with our temperature and
luminosity values.
Until now, only a handful of transient ULXs are known and
not all of them have been deeply studied. Some examples of ULX
transients are M31 ULX-1 and ULX-2 (e.g. Middleton et al. 2012;
Esposito et al. 2013; Middleton et al. 2013), three ULXs in the
Cartwheel galaxy (Crivellari et al. 2009), CXOU 133705.1-295207
in M83 (Soria et al. 2012), CXOU J132518.2-430304 in NGC 5128
(Sivakoff et al. 2008) and M82 X-1. Their outbursts can be ex-
plained, for instance, in terms of an unstable mass transfer from the
companion star. The three PULXs – M82 X-2 (e.g. Bachetti et al.
2013), NGC 7793 X-1 (Motch et al. 2014) and NGC 5907 ULX-1
(e.g. Walton et al. 2015) – from time to time also show high flux
variability of several orders of magnitude, which may be explained
by the onset/switch-off of the propeller stage. The flux variability
of at least a factor of∼40 between high and low flux states of ULX-
2 is similar to that ascribed to the propeller effects in M82 X-2 (see
e.g. Tsygankov et al. 2016). We did not find any coherent pulsations
in ULX-2 with an upper limit on the pulsed fraction of 35%. Only
the pulsed fraction of NGC 300 ULX-1 is larger than this value,
while the other three PULXs have smaller modulations. Thus, we
cannot exclude that ULX-2 hosts a NS accreting at very high rates
although, from a spectral point of view, it may be slightly softer
than the PULXs (e.g. Pintore et al. 2017; Walton et al. 2018). Fur-
thermore, all the PULXs show super-orbital modulations that the
available data do not allow us to search. But a deeper monitoring
with Swift or XMM-Newton (during the quiescence of ULX-1) or,
even better, with Chandra could provide indications about super-
orbital modulations.
The HST image indicates that the source might have an optical
counterpart with the colours of an OB type star. Only∼20 ULX op-
tical counterparts have been identified (Tao et al. 2011; Gladstone
et al. 2013) and, when individual optical counterparts can be asso-
ciated with a ULX, they often appear to have the luminosities and
colours of OB type giants or supergiants (e.g. Zampieri et al. 2004;
Soria et al. 2005), even though the disc emission may contribute
significantly to the optical flux (Patruno & Zampieri 2008). New
optical observations are strongly needed to constrain the nature of
the ULX-2 counterpart.
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